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Coal Gasification 
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 Mixed‐Matrix 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Mixed‐Matrix 

Membranes  2015 DOE Technical Targets 
uT  D 

Microporous membranes show the poten5al to achieve high H2 fluxes at low ΔP [1] 

[1] Hydrogen from coal program: Research, development, and demonstra5on plan, U. S. DOE, 2009 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2015 Target 

•  Hydrogen flux: 300 ft3STP/(h.ft2) @ 
100 psi ΔP H2 partial pressure 

•  Temperature: 250 to 500 oC 

•  Pressure performance: ΔP 800 to 
1000 psi 

•  Sulfur tolerance:  >100 ppm 

•  CO tolerance 

•  Water Gas Shift (WGS) activity 

•  Hydrogen purity: 99.99% 



Koros, W. J.; Mahajan, R., J. Membr. Sci. 2000, 175, 181 

Mixed‐Matrix 

Membranes 
Mixed‐Matrix Membranes     

(Nanopar5cle – Polymer Composites) 

Polymeric membranes 

   Lower manufacturing costs 


   High mechanical resistance 


   Lower flux 


   Low selectivity 

Inorganic membranes 

   Higher manufacturing costs 


   Low mechanical resistance 


   High flux (5-10 fold higher P) 


   Good selectivity 

Mixed-matrix membranes 

   Low manufacturing costs 


   Combines superior separation of  inorganic materials with 

the processability of  polymeric materials 


   Possibility to test materials that would not form membranes 


   High loadings may be necessary to overcome polymer 

permeation properties 


   Challenges with inorganic – organic interface  

(sieve-in-a-cage problem)         (Good particle/polymer wetting) 

10 µm 

Koros, W. J., J. Membr. Sci. 2007, 288, 195  Perez, E.V., J.Membr.  Sci. 2009, 328, 165 

5 µm 

1 µm 10 µm 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Mixed‐Matrix 

Membranes  Hydrogen Separations in Coal Processing 
uT 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  Prepare novel MMMs based on polymer composites with 
nanoparticles of zeolitic imidazolate frameworks (ZIFs) 
•  Synthesis of ZIFs 
•  Synthesis of high performance polymers 
•  Fabrication of MMMs 

  Evaluate MMMs for separations important to coal 
gasification (e.g. H2, CO, O2, CO2) 

  Test performance of MMMs under operating conditions 
defined by 2015 DOE targets 
•  Construction of high pressure-high temperature permeameter 

UTD project objectives (DE-NT0007636) 
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Membranes  Targeted ZIFs for H2 Separa5ons 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ZIF‐8 ZIF‐7  ZIF‐95 ZIF‐20 

Inorganic Addi,ve 

•  Stable above 300 oC 
•  Stable to H2O   
   (steam), CO, and H2S 

•  Fabricated as  
   nanopar5cles 

•  Controlled pore size 
•  Strong interac5on with  
   polymer  

CO2 

CH4 

O2 

N2 

0.33 nm 

0.36 nm  

0.34 nm  

0.38 nm 

Kine*c Diameter  Cri*cal Temp. 

‐118.4 oC 

‐82.1 oC 

‐147 oC 

31 oC 

H2  0.28 nm   ‐232.6 oC 

ZIF Pore Size (nm) Pore Aperture (nm) Sieving 
ZIF ‐7 0.90 0.30 H2 

ZIF‐8 1.10 0.34 H2 

ZIF‐20 1.40 0.45 H2, CO2 

ZIF‐69 0.72 0.44 H2, CO2 

ZIF‐90 and 
deriva*ves 1.12 0.35 H2 

ZIF‐95 24.00 0.36 H2 

ZIF‐100 3.60 0.33 H2 

MIL‐53‐lt n/a 0.28 H2 
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Membranes  Targeted Polymers for MMMs 
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Matrimid®: Tg = 320 oC Cross‐linked propane diol monoester (CPDM) Tg = 360 oC 

6FDA‐durene: Tg = 425 oC 

VTEC (similar to Kapton): Tg > 500 oC 

PIM‐1: TD > 600 oC  PBI: Tg > 450 oC 
6FDA‐NDA: Tg = 430 oC 

Polymer 
•  Stable above 300 oC 
•  Processable 
•  Separa5on proper5es close to upper bound (H2/CO2 separa5on) 
•  Stability to H2O (steam), CO, and H2S  



Mixed‐Matrix 

Membranes  HPHT Permeameter Design  

Diagram showing components of 
apparatus: 

maximum pressure: 65 atm 
temperature: 300 °C 
pressure transducers (PT) 
thermocouples (TC) 

Safety components incorporated into 
design: 

check valves (CV) 
flow restrictors (FR) 
nitrogen purge 

Permeability and solubility cells have 
their own heaters 

Permea*on and solubility experiments 
can be performed simultaneously and 
independently 



Previous Results 

Mixed‐Matrix 

Membranes 
uT  D 



Mixed‐Matrix 

Membranes  ZIFs 
uT  D 

•  cage size: 11.6 Å 
•  pore aperture: 3.4 Å 
•  surface area: >1600 m2/g 

Zn cluster 

methylimidazole 
ZIF‐8 

•  cage size: 9 ‐ 11 Å 
•  pore aperture: 3.0 Å 
     kine5c diameter H2 = 2.89 Å 

                        CO2 = 3.30 Å 

ZIF‐7 

benzimidazole 

Stable to steam and H2S at 250 °C 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 Polymers for MMMs 
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Matrimid®: Tg = 320 oC 

6FDA‐durene: Tg = 425 oC 

VTEC (similar to Kapton): Tg > 500 oC 



Mixed‐Matrix 

Membranes  Polymers for MMMs 
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Cross‐linked propane diol monoester (CPDM) Tg = 360 oC 

PIM‐1: Tg > 300 oC 



Mixed‐Matrix 

Membranes 
0% (w/w)  60% (w/w) 

•  good dispersion of ZIF‐8 material in the polymer matrix 
•  membrane thickness is 40‐50 µm 

uT  D 
ZIF‐8/Matrimid® MMMs 

Ordoñez, J.; Balkus, K.; Ferraris, J.; Musselman, I., J. Membrane Sci., 2010, 362, 28-37.  
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Mixed‐Matrix 

Membranes  HPHT Permeameter  

USB data acquisi5on 
units provide a fast 
and easy‐to‐configure 
interface 

In‐line 
thermocouples 
provide accurate and 
fast measurements 
of gas and cell 
temperatures 

Mixed‐Matrix 

Membranes 
High Pressure-High Temperature 

Permeameter 
uT  D 

Maximum opera5ng condi5ons: 65 atm, 400 °C (components operate up to 65 °C) 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Metal‐Organic Frameworks and 
Zeoli*c Imidazolate Frameworks 

Mixed‐Matrix 

Membranes 
uT 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Mixed‐Matrix 

Membranes  ZIF‐90 

‐ Pore aperture 0.35 nm 

‐ H2/CO2 = 7 @ 200 °C 

‐  Stable to 300 °C 
‐  Chemical func5onaliza5on of   
  carboxyaldehyde for improved  
  ZIF/polymer interface 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Mixed‐Matrix 

Membranes  MIL‐53  

MIL‐53 synthesized in:      high temperature (ht) form with 0.85 nm pore size 
         low temperature (lt) form with 0.26 pore size 

Material is stable to 500 °C 

200 nm 

SEM image 

Al 

MIL‐53‐ht  MIL‐53‐lt 

5 10 15 20 25 30 35 40 45 
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2 θo 

MIL-53-lt & MIL-53-ht 

MIL‐53‐ht 

MIL‐53‐lt 

MIL‐53‐lt‐simulated 

MIL‐53‐ht‐simulated 



Mixed‐Matrix 

Membranes  H2 Sorp5on in ZIF‐7 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increased at higher 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contrary to common trends observed for other 
porous materials.  The increased gas sorp5on could be due to the expansion of the pore aperture 
induced by the rota5on of the linker. 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Mixed‐Matrix 

Membranes  H2 Sorp5on in ZIF‐8 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The  sorp5on  isotherms  of 
H2  in  ZIF‐8  from  0  to  200 
°C  show  a  con5nuous 
decrease in the amount of 
H2  adsorbed,  but  at 
temperatures  above  200 
°C,  the  amount  of  H2 
adsorbed increases. 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High Temperature‐High Pressure 
Permea*on Experiments 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Mixed‐Matrix 

Membranes 
High Pressure-High Temperature 

Permeameter 
uT  D 

Feed side 
flange 

Vacuum 
side flange 

Graphite gasket 

Copper gasket 



Mixed‐Matrix 

Membranes  HPHT Cells 

For permeability experiments, the membrane was mounted 
with aluminum tape and sealed with a graphite gasket that 
was compressed with the flanges. 

The solubility cell incorporated a cartridge heater close to the 
sample to improve heat transfer. 

Solubility cell 

Vacuum side 
flange 

Membrane 
Membrane 

Graphite 
gasket 

Permeability cell 

Heater 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Membranes 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Permeability of VTEC membranes at 30 atm at 35 °C and 
300 °C. 
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VTEC PI-1388 membranes exhibited increased gas permeability with increasing temperature from 35 to 300 °C. 
Permeability was independent of pressure at a given temperature. 

Permeability vs. pressure for VTEC membranes from 3 to 
30 atm at 35 °C and 300 °C. 
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Robeson plot for H2/CO2 separations. H2/CO2 and CO2/N2 selectivities at 30 atm. 

Decreases in both H2/CO2 and CO2/N2 selectivities at higher temperatures. 
The H2/CO2 selectivity at 300 °C placed VTEC above the Robeson upper bound.  
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Membranes  ZIF‐7/6FDA‐NDA MMM 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Permeabili5es and α H2/CO2 at 35 oC and 3 atm 

H2/CO2 

CO2 

H2 

SEM image of a 50% (w/w) 
ZIF‐7/6FDA‐NDA MMM 

Permeability, Barrers 

•  Incorpora*on of ZIF‐7 into the highly permeable 6FDA‐NDA further 
increased its permeability 

•  H2/CO2 selec*vity was maintained at ~2 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Membranes  ZIF‐8/PBI MMM 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Aser annealing 

Before annealing 

• Annealing 35% (w/w) ZIF‐8/PBI MMM at  
  250 oC changed color from brown to black 

INL‐PBI: Klaehn, et al. CO2 separa5on using thermally op5mized membranes: A comprehensive project report (2000 – 2007). 
INL‐CRADA Report. 
UTD‐PBI: Annealed at 250 oC, tested at 35 oC and 3 atm 

Permeability, Barrers 

• Addi*on of 35% (w/w) ZIF‐8 increased H2 
permeability and decreased H2/CO2 selec*vity 

• Annealing at 250 °C increased H2/CO2 
selec*vity, and decreased H2 permeability 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Membranes  ZIF‐8/PBI MMM 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75% (w/w)  35% (w/w) 

!" #" $!" $#" %!"

!&"'()(*"

+#&"'()(*"

,#&"'()(*"

-%)./%"

./%"

-%"

•  Increasing the ZIF loading from 0 to 35 % (w/w) increases H2 
permeability 

•  A further increase to 75% (w/w) loading maintains the H2 
permeability but is accompanied by decrease in H2/CO2 selec5vity 

Permeability, Barrers 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Membranes  ZIF‐8/PBI‐Matrimid® Blend MMM 
uT  D 

Membrane  H2  CO2  H2/CO2 
50% (w/w) ZIF‐8/75:25 wt% PBI‐

Matrimid® 
6.3  1.9  3.30 

50% (w/w) ZIF‐8/50:50 wt% PBI‐
Matrimid® 

12.5  4.8  2.60 

50:50% wt PBI‐Matrimid®  13.0  3.1  4.19 
75:25% wt PBI‐Matrimid®  5.06  0.75  6.70 

PBI1  4.6  0.85  5.40 
Matrimid®2  24.0  9.0  2.70 

50% (w/w) ZIF‐8/Matrimid®3  17.0  5.0  3.40 
Knudsen  ‐  ‐  4.70 

1. INL‐CRADA Final Report 2008. 
2. Perez, et al. Mixed‐matrix membranes containing MOF‐5 for gas separa5ons. J. Membr. Sci. 2009, 328, 

165‐173. 
3. Ordonez, et al. Molecular sieving realized with ZIF‐8/Matrimid® mixed‐matrix membranes, J. Membr. Sci. 

2010, 28‐37.  

•  PBI‐Matrimid® blends prepared with PBI containing 1.5 wt% LiCl – P’s differ from 
reported 

•  Incorpora5on of ZIF‐8 into the blend decreased both P and α: forma5on of defects 

•  Defects can be minimized by annealing at higher T 

50% (w/w) ZIF‐8 in 
50:50% wt PBI‐
Matrimid® blend  



Mixed‐Matrix 

Membranes  ZIF‐8/VTEC PI‐1388 MMM 
uT  D 

•  Carboxylate group in VTEC aiacks Zn2+ in ZIF‐8  
•  Incorpora*on of 12‐BDC provides the –COOH 

group to avoid gela*on 

50% (w/w) ZIF‐8/
VTEC PI‐1388 MMM 

OC12H25

O

HO O

O

OHO

Gela*on in MMM 

No gela*on 

Gas Permeability and Selec*vity Proper*es 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Membranes  ZIF‐8/6FDA‐Durene MMM 
uT  D 

Membrane   H2 (Barrers)  H2/CO2 

6FDA‐durene  480.4  1.0 

6FDA‐durene ‐ EDA  52.1  144 

ZIF‐8/6FDA‐ durene  2137 ± 190  1.4 ± 0.0 

 ZIF‐8/6FDA‐durene‐EDA  283.4 ± 33.0  12.0  ± 0.1 

Asymmetric ZIF‐8/6FDA‐durene 
spin coated EDA (3 min) 

505   18 

6FDA‐durene1  585.4  0.8 

6FDA‐durene ‐ EDA 2  32.6  102 

ZIF‐8 3  1726  4.5 

Knudsen value  4.7 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Mixed‐Matrix 

Membranes  EDA‐crosslinked‐ZIF‐8/6FDA‐durene MMM 
uT  D 

SEM image of cross‐sec5on of 50% (w/w) ZIF‐8/6FDA‐durene MMM before (a) and aser (b) 
exposure to EDA for 40 min 

10 µm  20 µm 

10 µm skin 

50 µm 

a  b 
Symmetric crosslinking 

Asymmetric crosslinking 

2 µm 

•  Spin‐coat 3 wt% solu5on of 6FDA‐durene 
onto 50% (w/w) ZIF‐8/6FDA‐durene MMM  

•  Expose spin‐coated 6FDA‐durene skin to 
EDA 

10 µm skin 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Membrane   H2 (Barrers)  H2/CO2 

6FDA‐durene  480.4  1.0 

6FDA‐durene ‐ EDA  52.1  144 

ZIF‐8/6FDA‐ durene  2137 ± 190  1.4 ± 0.0 

 ZIF‐8/6FDA‐durene‐EDA  283.4 ± 33.0  12.0  ± 0.1 

Asymmetric ZIF‐8/6FDA‐durene 
spin coated EDA (3 min) 

505   18 

6FDA‐durene1  585.4  0.8 

6FDA‐durene ‐ EDA 2  32.6  102 

ZIF‐8 3  1726  4.5 

Knudsen value  4.7 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ZIF‐8/Matrimid EDA Cross‐linked MMMs 

2 μm  2 μm 

ZIF‐8/Matrimid MMMs spin‐coated with Matrimid and treated with EDA 
40% (w/w) ZIF‐8/Matrimid 

Matrimid®/EDA vapor 

2 μm 

50% (w/w) ZIF‐8/Matrimid 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Membranes  PIM‐1 Based MMMs 
uT  D 

PIM‐1 gas separa*on proper*es 

H2 permeability  1509 Barrers 

CO2 permeability  2932 Barrers 

α H2/CO2  1.94 

50% (w/w) ZIF‐90/PIM‐1 MMM 

•  Addi5ves incorporated  
into PIM‐1 form voids 

•  Need for func5onaliza5on 
of PIM‐1 or ZIF‐90  

Mw = 95,000 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Membranes  MIL‐53/Matrimid MMMs 
uT  D 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μm 

surface 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μm 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nm 

cross‐sec5on 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Membrane 
dried at 200 oC 

ht framework 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nm) 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Robeson Upper Bound for H2/CO2 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P (H2) Barrers 

6FDA‐durene‐EDA 

50% (w/w) ZIF‐8/6FDA‐durene‐EDA 

50% (w/w) ZIF‐8/95:5 
wt% PBI‐Matrimid 

6FDA‐durene 

PH2  H2/CO2 
50% (w/w) ZIF‐8/6FDA‐durene EDA 

MMM 
284  12  1 

50% (w/w) ZIF‐8/Matrimid‐EDA 
MMM 

41  6  2 

50% (w/w) ZIF‐8/6FDA‐durene MMM  2137  1.44  3 
6FDA‐durene‐EDA  52  144  4 
6FDA‐durene  480  1  5 
PBI (250, 35)  2.7  18  6 

35% (w/w) ZIF‐8/PBI MMM (180, 
35) 

13  5.4  7 

35% (w/w) ZIF‐8/PBI MMM (250, 
35) 

6.3  13  8 

50% (w/w) ZIF‐8/75:25 wt% PBI‐
Matrimid® 

6.3  3.3  9 

50% (w/w) ZIF‐8/50:50 wt% PBI‐
Matrimid® 

12.5  2.6  10 

50:50% wt PBI‐Matrimid®  13  4.19  11 

75:25% wt PBI‐Matrimid®  5.1  6.7  12 

PBI  4.6  5.4  13 

Matrimid  24  2.7  14 

50% (w/w) ZIF‐8/Matrimid  17  3.4  15 

75% (w/w) ZIF‐8/PBI MMM  6.56  5.4  16 

6FDA‐NDA  70  1.79  17 

50% (w/w) ZIF‐7/6FDA‐NDA MMM  445  2.34  18 

50% (w/w) ZIF‐8/95:5 wt% PBI‐
Matrimid MMM 

8486  3.12  19 

50% (w/w) ZIF‐8/ 
6FDA‐durene 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Results to Date 

•  Synthesized ZIFs and related frameworks and tested 
for H2 sorp*on up to 350 °C and 100 atm 

•  Synthesized high performance polymers capable of 
withstanding high temperature environments 

•  Prepared and characterized MMMs for H2 separa*ons 
at 35 °C and 3 atm 

•  Constructed a high temperature‐high pressure 
permeameter that operates at 300 °C and 30 atm 

•  Measured H2 permeability in VTEC PI‐1388 at 300 °C 
and up to 30 atm 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Future Work 

•  Con*nue synthesis of ZIFs and related 
frameworks 

•  Con*nue synthesis of high performance polymers 

•  Prepare and characterize MMMs for H2 
separa*ons at NETL test protocol condi*ons 

•  Con*nue tes*ng membranes at DOE 2015 test 
condi*ons 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